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Using the density functional theory, we have demonstrated the 
chemical functionalization of semiconducting graphene nanoribbons 
(GNRs) with Stone-Wales (SW) defects by carboxyl (COOH) groups. 
It is found that the geometrical structures and electronic properties of 
the GNRs changed significantly, and the electrical conductivity of the 
system could be considerably enhanced by mono-adsorption and 
double-adsorption of COOH, which sensitively depends upon the axial 
concentration of SW defects COOH pairs (SWDCPs). With the 
increase of the axial concentration of SWDCPs, the system would 
transform from semiconducting behavior to p-type metallic behavior. 
This fact makes GNRs a possible candidate for chemical sensors and 
nanoelectronic devices based on graphene nanoribbons. 
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I. Introduction 
Chemical functionalization of low-dimensional carbon network systems such as 
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carbon nanotubes（CNTs） , graphene and graphene nanoribbons (GNRs), by 
introducing molecules and groups has attracted a lot of attention as a significant way 
to modify their physical and chemical properties[1-4]. Stable defects in a graphene 
layer, such as topological defects[5.6], vacancies[7–13], and adatoms[14-17], have been 
experimentally and theoretically proved to be numerous. The Stone-Wales (SW) 
defect is a typical topological defect in the carbon nanostructures and is comprised of 
two pairs of five-membered and seven-membered rings. It was suggested that SW 
defects could act as nucleation centers for the formation of dislocations in the 
originally ideal graphite network and constitute the onset of the possible plastic 
deformation of a CNT[18]. Ayako Hashimoto et al. have reported the observations in 
situ of defect formation in single graphene layers by high-resolution TEM [19]. We can 
envisage more diversified applications in carbon nanomaterials by taking advantage 
of these defects, which can be induced locally during electron irradiation.  
Recently, chemical adsorption such as H2、OH、H2O、COx and NOx on pristine and 
defective graphene have attracted special attention both experimentally and 
theoretically [3,4,6, 20-22]. As a main prototype for chemical functionalization, the 
carboxyl groups (COOH) were usually found on the carbon materials after the 
oxidation of carbon by strong acids[23-24], or other oxidizing agents[25-26]. In addition, 
such oxidized carbon materials can be provided with a variety of functional moieties 
for further functionalization, since the derivative COOH groups are able to couple 
molecules with amide and ester bonds[27-29]. Thus, it is more interesting and practical 
to obtain more comprehensive information on the physical and chemical properties of 
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defective GNRs with COOH groups and to predict possible applications.  
In this letter, using first-principles calculations, we study the chemical 
functionalization on GNRs with SW defects by COOH groups. Our main results are 
the following. (i) We explore the nature of the interaction between COOH groups and 
SW defects and explain the associated adsorption behavior from the localized 
electronic states. (ii) We evaluate the effect of functionalization of GNRs by 
introducing COOH groups on SW defects and predict possible applications in 
chemical sensors and nanobioelectronics. 
 
II. Calculation Method and Model 
There are two kinds of typical GNRs -- armchair edges ribbons (AGNRs) and 
zigzag edges ribbons (ZGNRs). All ZGNRs are metallic at finite temperature, and 
AGNRs are either metallic or semiconducting depending on the ribbon direction and 
width that is the same as those of CNTs on the tube diameter and chirality[30-35]. We 
choose armchair (8,3) nanoribbons as the typical supercell (as shown in Figure 1). 
Herein, parameter 8 is defined as the number of carbon atom along the ribbon width 
and parameter 3 represents the number of prime cells. 
The structural optimizations and electronic structure calculations were performed 
using the Vienna Ab initio Simulation Package (VASP)[36] in the formalism of 
planewave ultrasoft pseudopotential [37] within the local density approximation 
（LDA）[38]. The Ceperley-Alder exchange-correlation energy functional was used. 
The plane-wave cutoff energy is 350 eV for all calculations. All of the structures were 
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fully optimized using the conjugate gradient algorithm until the residual forces was 
smaller than 10 eV/Å. The edges of GNRs are all H-terminated so as to remove 
dangling bonds. To explicitly study the interaction between COOH groups and a 
SW-defective (8,3) GNR(as shown in Figure 1a), we employ a supercell of 10 Å x10 
Å x12.681 Å, containing 96 C atoms and one COOH group (mono-adsorption mode 
as shown in Figure 1b) or two COOH groups (double adsorption mode), together with 
periodic boundary conditions. The Brillouin-zone integration is performed with 1 x 1 
x 11 Monkhorst-Pack k points. All parameters for calculation are choosed after 
testing and ensure a good enough convergence of total energies. 
 
III. Results and Discussion 
For the low-dimensional carbon sp2 network systems such as CNTs and GNRs, it is 
found that the donor states induced by the SW defect are advantageous for the 
adsorption of the COOH groups or oxidation. Especially, in common, the two atomic 
sites at the center of the SW defect are the most energetically favorable adsorption 
sites.[39] (C1, C1′atoms as shown in Figure 1a).  
 Firstly, we investigated the structural properties of the system in which the COOH 
group is attached to the C1 site of the SW defect. As shown in Fig. 1b, the COOH 
group pulls out the C1 atom a little from the ribbon surface, leading to a significant 
change of local geometry of the SW defect. The forming C-COOH bond is nearly 
perpendicular to the ribbon surface, and the three associated angles are 109.5, 109.5, 
and 105.6°, respectively, as shown in Fig.2c. For the SW defect on the ribbon, the 
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C-C bond lengths are increased from 1.46, 1.46, and 1.32 Å (shown in Figure 2a) to 
1.53, 1.53, and 1.44 Å (shown in Figure 2b), and correspondingly, the bond angles are 
reduced from 114.7, 122.7°, and122.7° (shown in Figure 2a) to 108.1, 110.6°, and 
110.8° (shown in Figure 2b). These C-C bond angles significantly deviate from the 
standard angle of sp2 hybridization, 120° which indicates that the carbon atoms of the 
SW defect near the adsorption site, C1, change to sp3 hybridization from sp2 
hybridization (shown in Figure 1c). With the near-sp3 hybridized bond between the 
COOH group and the ribbon, a quasitetrahedral bonding configuration of carbon 
atoms such as the methane molecule, CH4, is formed at the adsorption site. Moreover, 
the binding energy (Eb) of the COOH group attached to the ribbon is found to be 
-2.78 eV which indicate that the adsorption process is chemical in nature.. Herein, the 
binding energy Eb, is defined as Eb = Et(GNR+COOH) - Et(GNR) - Et(COOH), 
where Et(GNR + COOH), Et(GNR), and Et(COOH) are the total energies of the tube 
with the COOH group, of the ribbon, and of the COOH group, respectively. 
 In the following, we study in detail the electronic properties of this system in 
which the COOH group is attached to the C1 site of the SW defect. Figure 3 shows 
the band structures and the local density of states of defective armchair (8, x) (x=2, 3, 
4) GNRs before and after COOH group adsorption with several deferent axial 
densities of SW defects COOH pairs (SWDCPs). Our calculation also shows that in 
the semiconducting ribbon, the conductivity could be considerably enhanced via the 
formation of SWDCPs. In Fig. 3(a), we can see that for the pristine SW-GNR, a 
defect band（flat band） is present at about 0.6 eV above the Fermi level, and from 
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partial density of states (PDOS) analysis, we found that this defect band is mainly 
contributed by C1 atom. Then after the COOH adsorption, the above defect band 
substantially shifts down to the Fermi level, as shown in Figs. 3(b)–3(d). such a shift 
down of the band becomes more considerable along with the increase of the axial 
concentration of SWDCPs, and finally the system is transformed from 
semiconducting behavior to p-type metallic behavior. For example, in the case with 
the SWDCP density of 0.059 Å−1, the half-filled dispersionless band is very close to 
the highest valence band Fig. 3(d)—which corresponds to a shallow localized 
impurity state and indicates a conventional p-type semiconducting behavior. Thus, the 
whole system may have much better conducting behavior, which is substantially 
favorable to the electrical conductivity of COOH-functionalized SW-GNR. In 
addition, with the increase of the axial concentration of SWDCPs, the band gap the 
system is reduced from 0.67 eV of the pristine SW-defective GNR (Fig. 3a) to 0.50 
eV of the SW-defective one with adsorption of the COOH group (Fig. 3d). It shows 
delocalized electronic states over the ribbon, provides an effective conducting channel, 
which is substantially favorable to the electrical conductivity of COOH-functionalized 
SW-GNRs.  
Next, we study the structural and electronic properties of the system in which the 
COOH groups is double adsorpted on the C1 and C1′ sites of the SW defect. As 
shown in Fig.4, the spatial orientations of the two adsorbed COOH groups are almost 
“antiparallel” with the angle between the tube axis and COOH groups being about 
30.6°  The C1 and C1′ atoms in the SW defect are pulled a little out of the ribbon plan, 
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and the C1-C1′ bond length increases to 1.47 Å from 1.32 Å in the pure defective tube. 
The formed C-COOH bonds with the identical length of 1.55 Å remain nearly 
perpendicular to the tube axis, but the three associated angles change to 110.6, 109.1, 
and 95.17°, respectively, as shown in Figure 4d. The two individual COOH groups 
have the same deformation effect on the SW defect, and the resulting geometry of the 
deformed SW defect (Fig. 4b) is the following: the C-C bond lengths are 1.47, 1.52, 
and 1.54 Å, and the bond angles are116.5, 116.2, and 107.3°. This indicates that 
similar to the case of mono-adsorption, the quasitetrahedral bonding configurations of 
carbon atoms based on sp3 hybridization are formed at the C1 and C1′ sites in the 
double-adsorption defective GNRs.  
Figure 5 shows band structures of the perfect、pristine、  SW-defective、
mono-adsorption and double-adsorption SW-defective GNRs. As shown in Figure 5b
（or Figure 3a）, the SW defect induces a significant change of the electronic 
properties of the GNR. There is a defect states (marked by the black arrow) 
introduced on the bottom of conduct band level. Similar to the case of 
mono-adsorption, the double adsorption of COOH groups significantly changes 
electronic properties of the defective GNRs, as shown in Fig. 5c and Fig. 5d. 
With the energy band theory, the chemical functionalization mechanism for such 
system can be interpreted. The unsaturated electron of the carbon atom in the COOH 
group directly interacts with the donor states localized at the C1 site, when the COOH 
group is attached to the SW defect. The strong rehybridization interaction causes 
obvious downward shifts of the states from the two bonding C atoms to the lower 
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energy region. This can explain the phenomenon that the defect band in Figure 5b 
shifts down after the adsorption of the COOH group (in Figure 5c-d). Essentially, the 
redistribution of the electronic states is responsible for the change of electrical 
conductivity with the density of SWDCPs. In the case of higher density, SWDCPs can 
interact with each other through the redistributed electronic states, leading to stronger 
bonding between the COOH group and SW atoms. 
We can expect that as the COOH groups are readily derivatized by a variety of 
reactions, the preparation of a wide range of functionalized GNRs with topological 
defects should be possible, which may make GNRs equipped with a variety of 
functional moieties as potentially useful building blocks for nanoelectronic and 
nanobioelectronic devices. Also, this finding would provide an approach, chemical 
oxidation, to tailor the electronic properties of semiconductor GNRs. 
 
IV. Conclusion 
In summary, we have systematically investigated the mechanism and effect of 
COOH functionalization of SW-GNRs, using the density functional theory. The 
interactions between SW defects and COOH groups would cause the changes of 
geometries and electronic structures of SW-GNRs. The COOH group leads to the 
significant change of local geometry of the SW defect, and a quasitetrahedral bonding 
configuration of carbon atoms is formed in the adsorption site, indicating sp3 hybrid 
bonding. On the other hand, our calculation shows the electrical conductivity of the 
system would be significantly improved by increasing the axial concentration of 
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SWDCPs for mono-adsorption and double adsorption of COOH on the defective 
GNRs. With the increase of the axial concentration of SWDCPs, the system 
transformed from semiconducting behavior to p-type metallic behavior finally. Our 
work suggests semiconducting GNRs could be a possible candidate for chemical 
sensors and nanoelectronic devices under some special conditions, such as in aqueous 
or organic solvents, since COOH groups can bind with other molecules through 
various reactions. Thus, GNRs equipped with a variety of functional moieties could 
be potentially useful as building blocks for nanoelectronic and nanobioelectronic 
devices. We hope that our observations may stimulate further experimental analysis. 
 
Acknowledgment.  
This work was supported by the National Natural Science Foundation of China (Grant 
Nos. 10325415 and 50504017). The numerical calculation was carried out by the 
computer facilities at Department of Physics of Tsinghua University. 
 
 
 
 
 
 
 
References  
 10
1 A. Hansson, M .Paulsson, and S. Stafstro¨m, Phys. Rev. B 62, 7639 (2000).  
2 C. P. Ewels, M. I. Heggie, and P. R. Briddon, Chem. Phys. Lett. 351, 178(2002). 
3 D. Yu and F. Liu, Nano Lett. 7, 103046 (2007). 
4 F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Katsnelson and 
K. S. Novosel Nature mater. 6, 652 (2007). 
5 A. J. Stone, and D. J. Wales, Chem. Phys. Lett. 128, 501(1986). 
6 S. C. Xu, S. Irle, D. G. Musaev, and M. C. Lin, J. Phys. Chem. C 111, 1355 (2007). 
7 R. H. Telling, C. P. Ewels, A. A El-Barbary,and M. I. Heggie, Nature Mater. 2, 333 
(2003). 
8 A. A. El-Barbary, R. H. Telling, C. P. Ewels, M. I. Heggie, and P. R. Briddon, Phys. 
Rev. B 68, 144107 (2003). 
9 A. V. Krasheninnikov, K. Nordlund, P. O. Lehtinen, A. S. Foster, A. Ayuela, and R. 
M. Nieminen, Phys. Rev. B 69, 073402 (2004).  
10 C. P. Ewels, R. H. Telling, A. A. El-Barbary, M. I. Heggie, and P. R. Briddon, Phys. 
Rev. Lett. 91, 25505 (2003). 
11 A. V.Krasheninnikov, K. Nordlund, M. Sirvio¨, E. Salonen, and J. Keinonen, Phys. 
Rev. B 63, 245405 (2001)； 
12 R. G. Amorim, A. Fazzio, A. Antonelli, F. D. Novaes, and A. J. R. da Silva, Nano 
Lett. 7, 2459 (2007). 
13 G.D.Lee, C. Z. Wang, E.Yoon, N.-M. Hwang, D.Y. Kim, K. M. Ho, Phys. Rev. 
Lett. 95, 205501 (2005). 
14 P. O. Lehtinen, A. S. Foster, A. Ayuela, A. Krasheninnikov, K. Nordlund, and R. M. 
 11
Nieminen, Phys. Rev. Lett. 91, 17202 (2003).  
15 K.Nordlund, J. Keinonen, and T. Mattila, Phys. Rev. Lett. 77, 699 (1996). 
16 S. Talapatra, P. G. Ganesan, T. Kim, R. Vajtai, M. Huang, M. Shima, G. Ramanath, 
D. Srivastava, S. C. Deevi, and P. M. Ajayan, Phys. Rev. Lett. 95, 097201 (2005). 
17 Y. Ma, A. S. Foster, A. V. Krasheninnikov, and R. M. Nieminen, Phys. Rev. B 72, 
205416 (2005). 
18 M. B. Nardelli, B. I. Yakobson, and J. Bernholc, Phys. Rev. B 57, R4277 (1998). 
19 H. Ayako, S. Kazu, G. Alexandre, U. Koki, and I. Sumio, Nature 430, 870 (2004).  
20 J. D. Elizabeth, S. Matthias, J. D. Philip, Phys. Rev. Lett. 22, 225502 (2004).  
21 S. C. Xu, S. Irle, D. G. Musaev, and M. C. Lin, J. Phys. Chem. B 110, 21135 
(2006);  
22 N. Park, S. Hong, G. Kim, and S. H. Jhi, J. Am. Chem. Soc. 129, 8999 (2007) 
23 J. Liu, A. G. Rinzler, H. Dai, J. H. Hafner, R. K. Bradly, P. J. Boul, A. Lu, T. 
Iverson, C. B.Shelimov, K.; Huffman, F. Rodriguez-Macias, Y. S. Shon, T. R. Lee, D. 
T. Colbert, and R. E. Smalley, Science 280, 1253 (1998). 
24 E. Dujardin, T. W. Ebbesen, A. Krishnan,and M. M.Treacy, J. Adv. Mater. 10, 611 
(1998). 
25 W. Zhao, C. Song, and Pehrsson, P. E. J. Am. Chem. Soc. 124, 12418 (2002). 
26  J.Zhang, H. L. Zou, Q. Qing, Y. L.Yang, Q. W. Li, Z. F. Liu, X. Y. Guo, and Z. L. 
Du, J. Phys. Chem. B 107, 3712 (2003). 
27 G. J. Liu, X. H. Yan, Z. Li, J. Y. Zhou, and S. Duncan, J. Am. Chem. Soc. 125, 
14039 (2003). 
 12
28 K. Balasubramanian and M. Burghard, Small 1, 180 (2005). 
29 T. Ramanathan, F. T. Fisher, R. S. Ruoff, and L. C. Brinson, Chem. Mater. 17, 
1290 (2005) 
30 Saito, R.; Dresselhaus, G.; Dresselhaus, M. S. Physical Properties of Carbon 
Nanotubes; Imperial College Press: London, 1998. 
31 Y. Miyamoto, K. Nakada, and M. Fujita, Phys. Rev. B 59, 9858(1999). 
32 Y. Son, M. L. Cohen, and S. G.Louie, Nature 444, 347(2006). 
33 Y. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803(2006). 
34 V.Barone, O. Hod, and G.Scuseria, Nano Lett. 6, 2748 (2006). 
35 Q. M.Yan, B.Huang, J.Yu, F. W.Zheng，J. Zang, J.Wu, B. L. Gu, F. Liu, and W. H. 
Duan, Nano Lett. 7, 1469 (2007). 
36 G. Kresse and J. Furthmiller, Comput. Mater. Sci. 6, 15 (1996). 
37 D. Vanderbilt, Phys. Rev. B 41, 7892 (1990). 
38 P. Hohenberg and W. Kohn, Phys. Rev. 136, 864B (1964); W. Kohn and L. Sham, 
ibid. 140, 1133A (1965). 
39 C. C. Wang, G. Zhou, H. T. Liu, J. Wu, Y. Qiu, B.-L. Gu, and W. H. Duan, J. Phys. 
Chem. B 110, 10266 (2006). 
 
 
 
 
 13
Figure Captions 
FIG 1. (Color online) (a) Optimized morphologies of SW defect (in black) in the 
armchair (8,3) graphene nanoribbons. (b) Optimized morphologies of the SW defect 
defective armchair (8,3) nanoribbon with the COOH group. (c) Atomic structure of 
the SW defects with the COOH group. The grey, red, and white balls correspond to 
carbon, oxygen, and hydrogen atoms, respectively. 
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FIG 2. Optimized structures of (a) the SW defect and (b) the SW defect with the 
COOH group on the armchair (8,3) GNR. (c)The associated bond lengths and bond 
angles between the COOH group and the SW defect. The black ball represents 
associated carbon atom. 
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FIG 3. (Color online) Band structures and density of states (DOS) of (a)pristine 
SW-defective armchair (8,3) GNR without adsorption of the COOH group, with the 
axial concentration of SW-defects of 0.079 Å−1, corresponding to the super-cell size 
of 12.681 Å along the z axis. (b)–(d) COOH-functionalized GNRs with various axial 
concentrations of SW-defects: (c) 0.079Å−1, (d) 0.059Å−1, and (e) 0.118 Å−1. The 
Fermi level is indicated with red dashed line. “Total,” “C1,” and “COOH” represent 
the DOS of the whole system, the carbon atom at C1 site, and the COOH group, 
respectively. 
(a) (b)  
(c) (d) 
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FIG 4. (Color online) (a)-(c) Atomic structure of the double-adsorption defective 
GNRs. The grey, red, and white balls correspond to carbon, oxygen, and hydrogen 
atoms, respectively. (d) Optimized morphologies of the SW defect with two COOH 
groups. (e) The associated lengths and angles of the C-COOH bond in the double 
adsorption. 
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FIG 5. Band structures of the (a) perfect (b) Pristine SW-defective (c) 
mono-adsorption and (d) double-adsorption SW-defective GNRs. The Fermi level is 
indicated with red dashed line. 
    
(a) (b)  (c) (d)  
 
